The investigation of gap flow in the Wipp Valley (GAP project) is one of the objectives of the Mesoscale Alpine Programme (MAP). The valley runs south-north across the Brenner Pass, from Italy to Austria. The pass is the lowest one of the main Alpine ridge and is therefore a favorable location for a gap flow, which is called foehn. Based on the extensive dataset of MAP, this study gives a detailed analysis of foehn on 2 and 3 October 1999 [intensive observation period 5 (IOP 5)]. The foehn event began as a gap flow that was separated from midlevel winds by a strong temperature inversion during the night of 1-2 October 1999. On the next night (2-3 October) the inversion dissipated, and the gap flow was combined with strong midlevel cross-ridge flow on 3 October 1999. This study shows that the existence of a temperature inversion above the gap flow has a crucial impact on the flow structure. Another emphasis of the study was the investigation of the small-scale flow structure downstream of the gap. Jumplike features and regions with flow reversals, which were interpreted as ''rollers'' (reversed rotors), could be observed in the Wipp Valley. A jet layer with a wavy structure indicated a gravity wave in the southern part of the valley. In the northern part the flow showed strong asymmetry with wind speeds nearly twice as strong on the eastern side as on the western one.
Introduction
This study provides an observational analysis of gap flow in the Wipp Valley on 2 and 3 October 1999 measured during the field campaign of the Mesoscale Alpine Programme (MAP) in fall 1999. One of the goals of MAP was the investigation of gap flow (foehn) in the Wipp Valley (GAP project). Foehn in the Wipp Valley is a pressure-driven flow through the gap of the Brenner Pass. The valley floor is not level as in many other gap flows (e.g., straits): it ascends upstream of the pass, and descends downstream of the pass (see section 1a). Therefore the flow is called foehn, which is ''a wind warmed and dried by descent . . . '' (WMO 1992) . However, the flow is driven by an along-gap pressure gradient, and primarily controlled by the Brenner Gap (Mayr et al. 2003) .
The main objectives of GAP are to investigate the relative importance of gap width versus terrain height, the interaction of gap flow with midlevel winds, and the vertical and cross-gap distribution of wind speed and thermodynamic properties (Bougeault et al. 1998) . The objectives of this study were to analyze 1) the temporal evolution of the foehn event of 2 through 3 October 1999, and 2) the small-scale flow structure in the Wipp Valley downstream of the gap. Emphases of the first objective were the synoptic conditions leading to gap flow, the transition from shallow to deep foehn, and the role of an inversion separating the gap flow from midlevel winds. The investigation of the small-scale flow structure focuses on the lateral asymmetry of the flow, similarities to hydraulic studies (supercritical flow, jumplike features, rollers), and the differences between the gap flow on 2 October 1999 and gap flow combined with a midlevel cross-ridge flow on 3 October.
A large number of theoretical studies address flow over an obstacle (Long 1954; Houghton and Kasahara 1968; Smith 1985; Rotunno and Smolarkiewicz 1995) , or through a lateral contraction (Wood 1968; Durran and Klemp 1987) . But the Brenner Pass imposes both a lateral constriction and a vertical obstacle. A few studies deal with this more complex topic (e.g., Armi 1986; Pan and Smith 1999; Colle and Mass 1998a,b; Sprenger and Schär 2001; Drobinski et al. 2001) . However, the topography of the Wipp Valley is far from being simple or symmetrical. Thus observational analyses of the flow structure are critical for a better understanding of foehn in the Wipp Valley. Comparisons with theoretical studies can be used for a qualitative interpretation of the small-scale flow features.
In recent years numerical models have been increasingly successful in simulating foehn events. In particular the results of Flamant et al. (2002) , Gohm et al. (2004), and Zängl et al. (2004) are in many respects similar to the foehn structure observed on 2 and 3 October 1999. Flamant et al. (2002) describe a shallow foehn, and Gohm et al. (2004) and Zängl et al. (2004) describe a mostly deep foehn event. However, the temporal development of the foehn on 2 and 3 October 1999, which gradually evolves from a shallow to deep foehn, is different from other studies. For the first time, this time evolution and the structural differences between a shallow and deep foehn could be documented with a variety of measurements. The reversed rotor structure has been shown in simulations by Zängl et al. (2004) , but has never been documented with observational data. And the causes for the flow asymmetry in the present study are different from the explanation given by Flamant et al. (2002) .
Since models resolve spatial scales of about four grid increments or larger (Pielke 2002) , a mesh size has to be on the order of 100 m to accommodate the complex topography of the Wipp Valley. Moreover, models still have problems with the simulation of the boundary layer (Farmer and Armi 2001) and sharp inversions, which are frequently observed between the gap flow and midlevel winds . This paper consists of five sections. The topography of the investigation area and the dataset used for the study are described in sections 1a and 1b. Section 2 gives a temporal overview of the whole foehn event of 2-3 October 1999. A detailed analysis of gap flow on 2 October is presented in section 3. The analysis of gap flow on 3 October, which was combined a with midlevel cross-ridge flow, follows in section 4. Finally, the conclusions of the study are given in section 5.
a. Topography
The Wipp Valley (Wipptal) was the target area for gap flow investigations during the Special Observation Period (SOP) of MAP ( Figs. 1 and 2 ). It is located in the eastern Alps between Sterzing, Italy, and Innsbruck, Austria, and runs across the Brenner Pass (1371 m MSL), which is the lowest pass of the main Alpine crest. The direction of the valley is roughly perpendicular to the main Alpine crest and therefore favorable for north
and south foehn. Two major side valleys merge into the Wipp Valley from the southwest: The Gschnitz Valley (Gschnitztal) and the Stubai Valley (Stubaital). North of Brenner Pass the orientation of the valley is nearly south-north; in its lowest third [area of Gedeir (GED)] it turns slightly to the west.
The Brenner Pass (Brenner Gap) has a dual structure (Fig. 2) consisting of a narrow lower notch (lower gap), and a wide part between 2100 and 3000 m MSL (upper gap). The cross-sectional area of the upper gap is nearly 15 times larger than that of the lower notch. Thus most of the air usually flows through the upper gap , and not through the lower notch during foehn (except during very shallow foehn events). Therefore the upper gap is the main control for the flow .
To the north of the pass the valley is still fairly narrow until it widens north of Nösslachjoch (NOS), in the exit region of the Gschnitz Valley. 
b. Data
The backbone of this study is data from the scanning Transverse-Excited Atmospheric CO 2 Doppler lidar (TEACO2; Post and Cupp 1990) , operated by the National Oceanic and Atmospheric Administration's (NOAA's) Environmental Technology Laboratory (ETL). The instrument was situated at GED (1075 m MSL), about halfway between Brenner Pass and Innsbruck (Fig. 2) . Its primary task was to collect a highresolution dataset of the three-dimensional flow structure in the Wipp Valley downstream of Brenner Pass. The lidar was operated from 0845 until 1840 UTC on 2 October, and from 0900 until 1400 UTC on 3 October. The maximum range of the lidar was about 15 km on 2 October 1999, and about 10 km on 3 October. The along-beam resolution was 300 m. The lidar uses a pulsed laser at a wavelength of 10.59 m. The Doppler frequency shift of the backscattered signal reveals the wind component along the lidar beam (radial velocity). Further information about the instrument and a comparison of aircraft in situ measurements and the lidar data collected at GED can be found in Durran et al. (2003) .
This lidar has been used in several complex terrain studies (e.g., Banta et al. 1990 Banta et al. , 1996 Banta et al. , 1997 Banta et al. , 1999 , including downslope windstorm investigations in which hydraulic jump-like structures were revealed (Banta et al. 1990; Clark et al. 1994) and MAP studies of gap flow in the Wipp Valley (Flamant et al. 2002; Gohm and Mayr 2004; Gohm et al. 2004) .
The present study makes use of the whole dataset of the 2 through 3 October 1999 foehn event. In addition to the lidar observations, in situ measurements from the NOAA P-3 aircraft along Wipp Valley transects are incorporated in the analysis, such as wind speed (including vertical motions), wind direction, temperature, and pressure. Thirty-five surface stations were installed throughout the area, all measuring wind speed, wind direction, temperature, and pressure. Rawinsondes were launched at Verona and Sterzing, Italy, and Innsbruck, Austria (Fig. 1) . Mayr et al. (2003) describe the instrumentation in the Wipp Valley area during MAP SOP in more detail.
Temporal overview
The foehn event of 2 through 3 October began with fairly typical pre-foehn weather conditions. An upperlevel trough started to develop on 1 October to the north of the United Kingdom. Zonal upper-level winds prevailed in the Alpine region. Associated with the trough, a frontal system formed over the North Sea. Its warm front passed Germany on 1 October. The advection of warm air related to the warm front and a deepening of the trough led to a pressure fall north of the Alps. At the same time the pressure south of the Alps rose due to the eastward drift of a weak low pressure system centered at the Adriatic Sea. Hereupon a pressure gradient across the Alps with higher pressure to the south started to build up in the evening of 1 October. In contrast to the normal situation, there was no hydrostatic contribution to the south-north pressure gradient from warmer air to the north and colder air to the south of the Alps ). In fact rawinsonde data and the European Centre for Medium-Range Weather Forecasts (ECMWF) analysis showed slightly higher potential temperatures to the south of the Alps than to the north at the beginning of the foehn event (Weissmann 2003) .
Southerly flow at the crest-top stations Sattelberg (SAT; 2108 m MSL) and Wolfendorn (WOL; 2777 m MSL) started at 2000 UTC 1 October. This onset of southerly flow can be seen as a sudden increase of wind speeds in Fig. 3 . Foehn flow at Steinach (STE; 1116 m MSL) began at 0100 UTC 2 October, which is shown in Fig. 3 as a simultaneous increase of wind speed and potential temperature (the descent of air to the north of Brenner Pass during foehn events leads to an increase of potential temperatures). The onset of foehn was independently identified using vertical momentum fluxes (Lewis et al. 2004, manuscript submitted to Quart. J. Roy. Meteor. Soc.) . Interestingly, the pressure difference between Bolzano, Italy (60 km south of the main Alpine crest), and Innsbruck (35 km north of the main Alpine crest) was only 1 hPa at that time [for the comparison the pressure was interpolated to the mean height of Bolzano and Innsbruck (410 m MSL)]. During the night of The foehn event began as a typical shallow foehn. This type of foehn is a southerly flow through the Brenner Gap, which does not extend above the main Alpine crest (Seibert 1990) . Midlevel westerly winds and shallow foehn flow are usually separated by a temperature inversion. At the onset of this foehn event the sounding close to the main Alpine crest at Sterzing (Fig. 4) showed an inversion at 3100 m MSL, below the average height of the main Alpine crest of about 3300 m MSL. This inversion was the upper boundary of southerly flow. On 2 October the inversion rose gradually to about 3700 m MSL at 1800 UTC, and southerly winds extended above the main Alpine crest. Thus the foehn appeared to evolve from a shallow to a deep foehn in the afternoon. However, the flow structure was fairly steady throughout the day (Fig. 5) , indicating that the evolution to a deep foehn was incomplete. In our view, the complete transition to a deep foehn occurred on 3 October, when the inversion dissipated and the foehn flow was combined with a midlevel cross-ridge flow.
During the night of 2 to 3 October a cold pool formed by nocturnal cooling and detached the foehn flow from the bottom of the Inn Valley. In the Wipp Valley foehn winds were observed throughout the night.
The approach of the trough continued during the night and into 3 October. This caused a turning of midlevel winds to southwesterly. Midlevel wind speeds increased from about 15 m s Ϫ1 on 2 October to 30 m s Ϫ1 on 3 October. On the morning of 3 October the cold front reached the Alps. This caused a pressure fall north of the Alps, and the pressure difference between Bolzano and Innsbruck increased to 6 hPa at 1000 UTC. Afterward, the front passed the western Alps and a Genoa cyclogenesis took place. This resulted in a pressure fall south of the Alps, and a consequent decrease of the pressure gradient. The height of the temperature inversion at Sterzing decreased during the first half of the night to 3400 m MSL, and rose again to 3800 m MSL during the second half (Fig. 4) . Then the inversion dissipated on the morning of 3 October, and the gap flow on 3 October was combined with southwesterly midlevel winds (see section 4).
Gap flow on 2 October a. General flow structure
During 2 October the depth of the southerly flow across the Brenner Gap increased from its onset in the early morning until the gap flow extended above the main Alpine crest by late afternoon. Thus the flow structure changed from a shallow to a deep foehn. The general flow structure was fairly steady through the day, however. The foehn was vertically bounded by a strong inversion, which separated southerly foehn flow from west-southwesterly winds aloft (Fig. 4) . The comparison of aircraft in situ measurements, rawinsonde, and lidar data showed good agreement between this inversion and a distinct shear layer between southerly foehn flow and west-southwesterly winds aloft (Figs. 4-7) . As shown in Fig. 5 , the location of the shear layer at GED, and its vertical extension changed little throughout the day. The gap flow intensity fluctuated by up to 5 m s Ϫ1 . However, the general structure and all the flow features described in this section were consistent through the day.
Upstream of the main Alpine crest the inversion rose about 200-300 m between Verona at the southern rim of the Alps and Sterzing close to the main crest (Fig.  4) . To the north of the main crest the inversion height decreased 600-1000 m toward Innsbruck. The average foehn air mass descended up to 2000 m to the north of the main Alpine crest (see, e.g., the 299-K isentrope in FIG. 8 . Horizontal cross sections of radial velocity derived from a set of conical lidar scans at different elevation angles (volume scans) taken at 1443 UTC 2 Oct. The location of the cross sections is shown with a white rectangle on the small map. Fig. 7) . The upper boundary of the foehn flow at the main Alpine crest was seen at 3100 m MSL in the morning, and rose to 3800 m MSL in the evening (Fig. 4) . Farther north in the Wipp Valley, at GED, the upper boundary was seen around 3000 m MSL throughout the day (Fig. 5) . As described in section 1, the Brenner Gap has a dual structure with a narrow lower notch and a wide upper gap above 2000 m MSL. One of the early findings of MAP was that most of the foehn air usually flows through the upper gap, whereas the lower gap plays a relatively minor role (Mayr et al. 2003 . The analysis of the foehn on 2 October reinforces this notion. The cross-sectional area of the upper gap is nearly 15 times larger than the area of the lower gap. Wind speeds in the lower gap measured by a sodar close to Brenner Pass were only 6-12 m s Ϫ1 (Weissmann 2003) . The wind speeds at the crest-top stations were 12-18 m s Ϫ1 at SAT (2108 m MSL) and 5-10 m s Ϫ1 at WOL (2777 m MSL) (Fig. 3) . Therefore, if we assume uniform flow across the cross section, only about 5% of the foehn air flowed through the lower gap, and 95% flowed through the upper gap.
The potential temperatures measured at surface stations in the valley (e.g., at ELL) were higher than the temperatures at SAT, which indicates that the average air mass originated at levels higher than SAT (Fig. 3) . This descent of air from the upper gap is also illustrated in the cross section of potential temperatures (Fig. 7) .
The horizontal range of the Doppler lidar at GED was not large enough to measure the wind speeds at the Brenner Gap. Lidar measurements started about 5 km north of the Brenner Pass. Three-four kilometers north of Brenner Pass, the Wipp Valley widens and a part of the air mass from the upper gap descends into the valley (inferred from potential temperatures, as described). But most of the air stays elevated, flows over the ridge of NOS, and descends to its lee. Doppler lidar scan data (Fig. 8) show that maximum winds are observed above NOS and not in the narrow valley east of the mountain. To the lee of the mountain the increase of wind speeds at lower levels and the decrease of velocities at upper levels shows the large descent of air.
A 500-m-deep jet layer formed as the air accelerated down the lee slope of NOS (Fig. 9) . This layer flowed through the southern part of the valley as an elevated jet (ϳ500 m AGL), and descended to the ground, as it passed over GED. The cross sections (Fig. 10) show a hydraulic jump downstream from NOS both in the isentropes and the pressure distribution.
Maximum wind speeds on this day were about 22 m s Ϫ1 , and lidar scans showed an increase of wind speed of nearly 5 m s Ϫ1 from the southern to the northern part of the valley.
b. Flow over Nösslachjoch, Patscherkofel, and Blaser
As described in section 1a mountain ridges protrude into the Wipp Valley from east and west, and foehn air has to flow over several obstacles. In particular the flow over NOS was well documented by the Doppler lidar at GED and aircraft in situ measurements. The structure is similar to the flow configuration used in two-dimensional theoretical studies (Armi 1986; Smith 1985; Durran and Klemp 1987) and obtained from experiments in hydraulic channels (Pawlak and Armi 1998) . Of course the topography in this area is not at all twodimensional, so that three-dimensional effects also need to be considered. But these studies seem suitable for a qualitative interpretation of the flow structure.
The flow over NOS was interpreted as shown in Fig.  11: 1) A thinning and descending of the foehn flow was observed to the lee of the mountain, which resembles ''supercritical flow'' or ''shooting flow'' to the lee of an obstacle. This can be seen as a descent of isotachs to the lee of NOS 8-11 km south of GED (Figs. 9a and 10), and as a descent of isentropes on Fig. 7 . 2) Farther downstream (7-9 km south of GED) a sudden deepening of the foehn layer was observed, FIG. 11 . Sketch of the flow over Nösslachjoch derived from Doppler lidar data (Figs. 8, 9 , 10, and 12), and aircraft in situ measurements (Fig. 7) . The numbers indicate the flow features discussed in the text: 1) supercritical (shooting) flow; 2) hydraulic jump; 3) region with very weak winds; 4) roller or reversed rotor. Farther downstream of Nösslachjoch (5 km south of the lidar), two branches of the flow merge to one, which leads to horizontal confluence and increased low-level wind speeds. which was interpreted as a hydraulic jump-like feature. This is indicated by a rise of isotachs on the lidar scans (Figs. 9a and 10), and as a rise of isentropes on the cross section of potential temperature (Fig. 7) . Aircraft in situ measurements in this region showed strong vertical motions of Ϫ4 to ϩ6 m s Ϫ1 (Weissmann 2003) , which is further evidence of hydraulic-jump behavior. At first glance, the low-level wind speeds downstream of the jump seem to contradict the transition from super-to subcritical flow in a hydraulic jump as described by one-dimensional hydraulic theory. In the present case, however, threedimensional effects modify this classical one-dimensional pattern. The increase of low-level wind speeds can be explained by horizontal confluence due to a narrowing of the valley (a mountain ridge protrudes into the Wipp Valley as described in section 1a). 3) A region with low velocities was observed above the descending jet layer to the lee of NOS, 7-9 km south of GED (Figs. 8 and 9a ). The stagnation zone formed above the shooting, supercritical flow beneath. Unfortunately we do not have data to trace its formation to contribute to the ongoing debate about mechanisms for the formation (small-scale instabilities and flow separation versus wave breaking) of such a stagnation zone (Farmer and Armi 1999, 2001; Afanasyev and Peltier 2001a,b; Cummins 2000) . Also three-dimensional effects need to be considered. The Gschnitz Valley merges into the Wipp Valley from the west in the same region. An outflow of the Gschnitz Valley would push the foehn flow eastward, causing a reduction of southerly wind component. However, a deflection of foehn would result in higher wind speeds in the eastern part of the valley, which were not observed in volume lidar scans (Fig. 8) . This suggests that the outflow of the Gschnitz Valley does not play a significant role.
This region with flow stagnation has also been documented on other days with shallow foehn (Flamant et al. 2002; Gohm and Mayr 2004) . But it was not seen during deep foehn events as on 3 or 24 October 1999 ). The important difference seems to be the absence of a near-crestlevel inversion in the deep foehn events, which is crucial for the formation of a wave-breaking region Klemp and Lilly 1975) . 4) On some scans also a small region with negative radial velocities, indicating flow reversal, was seen to the lee of NOS above the descending jet layer (Fig. 12 ). This flow reversal was interpreted as a roller (''reversed rotor''), which is frequently observed in hydraulic experiments (e.g., Rouse et al. 1959) , and was also shown in theoretical studies (Rotunno and Smolarkiewicz 1995) . A similar, and even stronger flow reversal with northerly winds of more than 4 m s Ϫ1 was seen to the lee of PAK (Fig. 13) . This reversal was also interpreted as a reversed rotor. The frequent observation of rotor clouds to the lee of PAK during strong foehn events supports this interpretation. Furthermore, aircraft in situ measurements during foehn Lidar scans also indicate the existence of a reversed rotor to the lee of BLA (Weissmann 2003) , but it was not as clear as to the lee of NOS and PAK.
c. Asymmetry of the foehn flow
To the north of GED the foehn flow was nearly twice as strong in the eastern part of the valley as in the western part (Fig. 14) . A similar structure was observed during several other foehn events of the MAP SOP (Mayr et al. 2003; Flamant et al. 2002; Gohm and Mayr 2004) . This asymmetry seems to be caused by two phenomena:
1) The direction of the Wipp Valley and the direction of foehn flow upstream of GED is from south to north (Fig. 2) . At GED the valley turns slightly to the west. The southerly flow, however, keeps its direction because of its inertia. 2) A small mountain (WAL, 1880 m MSL; Fig. 2 ) embedded in a lateral ridge to the west of the Wipp Valley, close to GED, plays a role in this asymmetry as well. This obstacle in the western part of the valley drops rapidly to its lee, favoring strong downslope winds with a likely transition to supercritical flow. We hypothesize that a hydraulic jump occurs at the downstream base of WAL. We infer these flow features from surface pressure measurements (Table 1) . The pressure at the bottom of WAL [at Mieders (MIE) and Schönberg (SCH)], that is, in the jump, was approximately equal to the pressure at WAL itself. Farther downstream it dropped again by about 0.2 hPa at Natters (NAT) and the subcritical flow then decelerates further as the valley widens to the west. In the eastern part of the valley the flow rather accelerates (Fig. 14) . This hydraulic jump was also show in simulations with a hydraulic model for 20 October 1999 . Flamant et al. (2002) explained the asymmetry on 30 October 1999 with the descent of geostrophic winds to the lee of a high mountain range southwest of this region, which was seen in numerical simulations. These descending winds caused an outflow of the Stubai Valley, which pushed the foehn eastward. However, the Doppler lidar, aircraft in situ measurements, and the surface stations did not document any outflow of the Stubai Valley on 2 October below 1800 m MSL. At levels above 1800 m MSL indication of a weak outflow can be seen in the lidar data (Fig. 14) . However, the outflow on 2 October was too weak to cause such a 
d. Temporal variability
The general flow structure described in the previous sections was observed throughout the day. Nevertheless there was some temporal variability of the flow. Despite the rise of the inversion of 700 m at Sterzing during the day (Fig. 4) , the depth of foehn flow downstream of the gap did not increase significantly (Fig. 15) . The two southernmost cross sections show a slight rising tendency (Figs. 15a and 15b ), but the depth of the flow at the other four cross sections was similar throughout the day (Figs. 15c-f) . Maximum velocities varied between 12 and 18 m s Ϫ1 to the south of the lidar, and between 14 and 22 m s Ϫ1 to the north of the lidar. The flow within the valley (Figs. 15b, 15d, and 15e) showed the highest wind speeds between 1000 and 1300 UTC, whereas the strongest flow over NOS (Fig. 15a) and PAK (Fig. 15f ) occurred between 1200 and 1400 UTC. The flow a few kilometers south of GED (Fig.  15c) shows both maxima, because the flow over NOS, and the flow within the narrow valley merge horizontally at that point. A rise of the inversion at Sterzing (Fig. 4) is seen as the cause for this difference of maximum winds. Presumably the higher inversion in the early afternoon caused a stronger flow through the upper gap, which led to a stronger flow over NOS and PAK, and to a rise of the jet layer south of GED (Fig. 15c) .
A midlevel wind maximum passed the Alpine region between 1545 and 1700 UTC (Fig. 5) . At the same time the flow over NOS (Fig. 15a ) and the flow in the eastern part of the valley downstream of GED (Fig. 15e) showed a clear minimum. The flow over PAK (Fig. 15f) in contrast, showed a weak relative maximum. Therefore it seems that this midlevel maximum caused a weaker gap flow and a stronger asymmetry of the flow downstream of GED. The reason for this interaction of midlevel winds and gap flow is presumably a descent of midlevel winds to the lee of high mountains west of the Wipp Valley as described by Flamant et al. (2002) . The details for this interaction, however, remain unclear.
Gap flow combined with a midlevel cross-ridge flow on 3 October

a. General flow structure
The foehn on 3 October showed the typical characteristics of a deep foehn. The cross-barrier flow extended above the main Alpine crest (midlevel cross-ridge flow of about 30 m s Ϫ1 ). Underneath, a gap jet emanated from the incision at Brenner Pass similar to the idealized settings in Pan and Smith (1999) . The temperature inversion weakened during the evening of 2 October and finally disappeared in the morning of 3 October (Fig.  4) . As a consequence there was no distinct shear layer, and winds turned gradually with height from a southerly foehn flow to southwesterly winds aloft (Fig. 5) .
The flow structure was different from the previous day. A jet layer was seen between 2500 and 3500 m MSL, about 1 km higher than on 2 October (Fig. 16a) . A small fraction of the air descended to the ground, as it passed GED. But most of the air passed through the Wipp Valley as an elevated jet, and flowed over PAK in the northern part of the valley. In contrast to 2 October, the flow over NOS on 3 October did not show the features discussed in section 3b (shooting flow, flow stagnation, reversed rotor). The lidar scans showed that wind speeds downstream of GED were much stronger above PAK (Fig. 16a ) than in the center of the valley (Fig. 16b ). Compared to 2 October, wind speeds in the lidar scans of up to 25 m s Ϫ1 were a few meters per second higher than on the previous day, but wind speeds at the surface stations were slightly lower (Fig. 3) . This was explained by the fact that the jet layer did not descend to the bottom of the valley as on the previous day. The descent of air to the north of Brenner Pass was slightly stronger on 2 October, as seen in the comparison of potential temperatures (Fig. 3) .
b. Asymmetry of the flow
The asymmetry of the foehn flow at ''upper'' levels of the Wipp Valley (levels above Ϫ1800 m MSL) was even stronger on 3 October than on 2 October (Fig. 16) . At lower levels of the Wipp Valley the observed asymmetry was similar to the previous day. As on 2 October, the main reasons for the asymmetry at ''lower'' levels seem to be the inertia of the southerly flow forcing against the turning of the Wipp Valley, and a hydraulic jump in the western part of the valley (see section 3c). But at ''upper'' levels also the effect of midlevel winds may be important on 3 October. Midlevel winds were not separated from foehn flow by a temperature inversion, and the speeds between 4000 and 4500 m MSL were 20-30 m s Ϫ1 , nearly twice as strong as on the previous day (Fig. 5) . Presumably stronger southwesterly midlevel winds and the absence of an inversion lead to a stronger outflow of the Stubai Valley at levels above 1800 m MSL as described in section 3c. Unfortunately, it was not possible to quantify this outflow with the dataset of 3 October. But the fact that the asymmetry of the flow at ''upper'' levels was stronger on 3 October than on 2 October, and that a very strong asymmetry at ''upper'' levels was seen around 1600 UTC on 2 October, at the same time as midlevel winds showed a maximum (Fig. 5) , suggests the importance of midlevel winds for the asymmetry at the ''upper'' levels of the Wipp Valley.
Conclusions
A comprehensive analysis of gap flow in the Wipp Valley on 2 and 3 October 1999 was performed from the extensive dataset of the Mesoscale Alpine Programme (MAP). This study describes the synoptic conditions leading to foehn, the temporal evolution of the flow, and the three-dimensional flow structure at and downstream of the gap.
Foehn flow (gap flow) in the Wipp Valley is caused by a pressure gradient across the Alps with higher pressure to the south. Atypically, the pressure gradient on 2 and 3 October was not caused by a temperature gradient across the Alps with cold air to the south, but rather by the large-scale pressure field with a wide trough over northern Europe.
It was one of the preliminary results of MAP that most of the foehn air does not flow through the lower, narrow notch directly above Brenner Pass, but through the wide, upper part of the gap between 2000 and 3100 m MSL ). The analysis of lidar and aircraft data of 2 and 3 October strongly confirms this.
To the north of the gap, some air descends to the lee of SAT (2108 m MSL), but most of the air stays elevated until the Wipp Valley widens north of NOS (2231 m MSL). This leads to a strong descent (shooting flow) to the lee of NOS and a jumplike feature 4 km downstream of NOS. Some lidar scans showed a flow reversal above the shooting flow, which was interpreted as a reversed rotor. Another, even stronger, flow reversal (reversed rotor) was seen to the lee of the mountain PAK, at the VOLUME 132 M O N T H L Y W E A T H E R R E V I E W same location where an aerosol lidar and hydraulic simulations by Gohm and Mayr (2004) showed a hydraulic jump on 20 October 1999. Also, simulations using MM5 by Zängl et al. (2004) have shown a reversed rotor structure on 24 October 1999. But this study is the first to document the reversed rotor with Doppler lidar data.
The flow features to the lee of NOS (shooting flow, jumplike feature) only occurred during events with a strong near-crest-level inversion as on 30 (Flamant et al. 2002) and 20 October 1999 . But they were not observed during deep foehn events as on 3 or 24 October 1999 Zängl et al. 2004) .
A 500-m-deep jet layer formed in the Wipp Valley north of NOS. This layer was elevated about 500 m AGL in the southern part of the Wipp Valley and descended to the ground as it passed GED. Many lidar scans showed a wavy structure of the jet layer, which may be related to gravity waves.
In the northernmost part of the Wipp Valley, close to Innsbruck, wind speeds were nearly twice as high in the eastern half of the valley as in the western half. This leaning of the flow toward the eastern sidewall seemed to be caused by 1) the inertia forcing the flow against the westward turn of the Wipp Valley in this region, and 2) a hydraulic jump-like feature to the lee of WAL, as it was also shown in Gohm and Mayr (2004) and Gohm et al. (2004) . The interaction with synoptic winds as described in Flamant et al. (2002) is seen to be negligible during shallow foehn events, which are decoupled from midlevel winds by a strong inversion as on 2 October 1999. It may have a small impact during deep foehn events as on 3 October.
The Alpine foehn is usually classified into two categories: shallow and deep. Foehn flow that does not extend above the main Alpine crest is a shallow foehn. If the foehn flow reaches higher, it is a deep one. During the foehn event of 2 through 3 October it was possible to observe the rise of the inversion above the average height of the main Alpine crest. This rise did not result in a change of the flow structure (section 3b). Only when the inversion dissolved during the night of 2 to 3 October did the flow structure change. This suggests that the existence of an inversion at the upper boundary of foehn flow as well as the depth of the foehn layer should be used to classify the foehn type.
